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Abstract 


The  angular  dependence  of  the  high  field  magnetoresistance  anomaly  in 
graphite  is  reported.  The  observed  angular  dependence  is  consistent  with  the 
functional  fora  for  the  phase  boundary  of  a  charge  density  wave  transition 
suggested  by  Yoshioka  and  Fukuyama.  Sharp  periodic  features  in  the 
resistivity  occurring  after  the  onset  of  the  anomaly  are  reported. 


PACS  index:  72.15.Gdf  72.15.Nj 


. 

Accession  <  or 


X 


r 


NTIS  GKA-c  I 
DT1C  T.'.d 
Unanr? d 
Jurti:?  i  c"-- 1  - 


By - 

Diet it1'  ■-’■>/ 

Avr-il.-'1-  L.1 


/  A 

Dist 

5;:c; 

V  o°>  / 
y>  y 

A 

JljL 

La  1 


PUI>aCr„, 


88  I.C 


) 


Introduction 

The  high  field  magnetoresistance  anomaly  in  pristine  graphite*  has  been 
examined  in  detail  in  order  to  further  test  the  applicability  of  the 
theoretical  model  for  this  high  magnetic  field  phase  transition  proposed  by 
Yoshioka  and  Fukuyama.3  According  to  their  model,  the  high  field 
magnetoresistance  anomaly  is  associated  with  the  formation  of  an  electronic 
charge  density  wave  (CDW)  with  an  incommensurate  c-axis  periodicity.  The 
predictions  of  this  model  for  the  electronic  phase  transition  are  consistent 
with  the  observed  temperature  dependence  of  the  critical  field  for  the 
magnetoresistance  anomaly.1*2  This  theory  was  recently  extended  by  Yoshioka4 
to  calculate  the  dependence  of  the  electronic  phase  transition  on  the  angle  9 
between  the  magnetic  field  direction  and  the  c-axis.  The  present  work  is 
directed  toward  providing  an  experimental  test  for  the  predicted  angular 
dependence.  Earlier  experimental  work2  Indicated  that  unresolved  fine 
structure  was  also  associated  with  the  occurrence  of  the  magnetoresistance 
anomaly.  In  the  present  work,  the  unusual  properties  of  this  fine  structure 
(which  is  periodic  in  magnetic  field  H)  is  examined  in  more  detail. 

To  investigate  these  unusual  high  field  phenomena,  we  have  used  very 
carefully  selected  crystals  of  klsh  graphite.  Our  results  on  the  magnitude  of 
the  magnetoresistance  anomaly  and  the  additional  fine  structure  associated 
with  this  anomaly  suggest  that  an  additional  mechanism  may  play  a  role  in  this 
high  field  regime. 
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The  kish  graphite  samples  were  prepared  by  precipitation  from  molten  :.i 
and  were  later  purified  by  heating  in  either  F2  or  CI2  gas.3  Though  kish 
graphite  is  classified  as  a  single  crystal  form  of  graphite,  actual  kish 
graphite  samples  used  in  these  experiments  normally  contain  several 
crystallites  within  their  sample  volume.  Each  crystallite  typically  shows  a 
c-axis  coherence  distance  of  ~  1000  A  and  resolution-limited  (hkO)  x-ray  line 
widths,  indicating  basal  plane  coherence  distances  in  excess  of  1  pm.  A 
highly  effective  characterization  method  for  selecting  samples  that  show  a 
large  high  field  magnetoresistance  anomaly  was  the  identification  of  samples 
exhibiting  large  Shubnlkov-de  Haas  oscillations  in  the  low  field  range 
(below  8  T). 

The  graphite  crystals  were  polygonal  but  irregular  in  shape.  To  avoid 
a ample  damage,  the  crystals  were  not  trimmed.  The  transverse 
magnetoreslstance  was  measured  using  a  van  der  Pauw  geometry;6  the  length  to 
width  ratio  of  typical  samples  was  ~  3.  The  contacts  were  made  using  a 
conducting  silver  epoxy.  Under  typical  conditions,  the  DC  resistance 
measurement  was  taken  at  a  constant  current  of  100  pA.  The  voltage  was 
detected  by  a  Keithley  140  DC  amplifier;  the  data  acquistlon  was  by  computer. 
The  magnetic  field  resolution  required  to  observe  the  fine  structure 
associated  with  the  magnetoreslstance  anomaly  is  (AH/H)  ~  0.1  T/25  T  or  about 
0.4  Z.  Thus,  for  typical  magnetic  field  sweep  rates  (10  T  in  10  minutes)  the 
detection  circuit  response  time  should  not  exceed  100  msec. 
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The  transverse  laaguetotes Lstance  was  measured  as  a  function  of  angle  - 
between  the  magnetic  field  and  the  c-axis  of  graphite.  The  design  of  the 
sample  holder  was  such  that  6  could  be  varied  while  the  samples  remained 
essentially  centered  in  the  magnet.  Expected  magnetic  field  variations  due  to 
variations  in  sample  position  are  less  than  0.1%  of  the  total  field.  The 
angle  6  was  determined  from  the  known  angular  dependence  of  the  SdH 
oscillations  in  graphite;7  specifically,  the  7.25  T  spin-split  cross  section 
(associated  with  the  Landau  level  n  ■  0,  a  m  +)  was  used  for  calibration.  The 
sample  holder  position  corresponding  to  8  ■  0°  was  found  by  minimizing  the 
value  of  magnetic  field  associated  with  the  n  -  0,  a  -  +  Landau  level  crossing 
of  the  Fermi  surface. 

A  transverse  magnetoresistance  geometry  was  maintained  so  that  the 
current  in  the  samples  was  always  perpendicular  to  the  magnetic  field, 
independent  of  angle.  Magnetic  fields  up  to  29  X  were  made  available  by  using 
a  hybrid  magnet.8  The  hybrid  magnet  consists  of  an  outer  superconducting 
magnet  generating  a  field  from  5  T  up  to  7  T  and  a  water-cooled  Bitter  magnet 
supplying  a  field  which  is  variable  from  0  to  22  T.  The  diameter  of  the 
magnet  bore  is  31  am. 
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A  He  evaporation  refrigerator  was  used  to  attain  lew  temperatures  from 
1.9  K  down  to  0.5  K.  The  samples  were  directly  Immersed  in  3He  liquid.  The 

*  3 

temperature  was  determined  by  measuring  the  saturated  vapor  pressure  of  He 
with  a  diaphragm-type  pressure  gauge  (an  MKS  Baratron). 
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The  galvanomagnetic  properties  of  graphite  in  the  quantum  Unit  nave  oec" 
previously  examined.9-22  The  results  can  be  summarized  with  reference  to 
Fig.  1  which  shows  the  transverse  magnetoresistance  at  <5  *  0  ±  2°  as  a 
function  of  magnetic  field.  Below  7.3  T,  Shubnikov-de  Haas  (SdH)  oscillations 
are  observed  corresponding  to  two  distinct  extremal  Fermi  surface  cross 
sections  at  4.8  T  (hole  pocket)  and  6.6  T  (electron  pocket).9-10  The 
saturation  and  the  negative  slope  of  the  magnetoresistance  above  12  T  have 
been  associated  by  lye  et  al.2  with  a  linear  Increase  in  carrier  concentration 
with  Increasing  H. 11  The  anomalous  increase  observed  in  the  magnetoresistance 
for  fields  greater  than  22  T  has  been  studied  experimentally  by  Tanuma  et  al.1 
and  lye  et  al.2  The  onset  of  the  anomaly,  defined  by  H,.  (indicated  by  the 
arrow  in  Fig.  1),  shows  a  striking  temperature  dependence  which  is  apparently 
Inconsistent  with  a  single  particle  description  of  the  magnetoresistance. 
Because  of  the  high  static  field  capability  and  crystal  quality,  we  were  able 
to  resolve  additional  oscillatory  features  in  the  magnetoresistance  at  fields 
greater  than  the  onset  of  the  anomaly,  as  discussed  in  detail  below. 

The  temperature  dependence  of  he,  the  onset  of  the  anomaly,  observed  in 
this  work  is  summarised  in  the  inset  of  Fig.  2.  ^  was  estimated  from  the 

maximum  in  the  slope  of  resistivity  as  a  function  of  magnetic  field.  The 
results  for  the  Nphase  boundary"  of  Be  vi  Ie  measured  here  (represented  by 
points)  agree  within  experimental  error  with  previous  measurements  (solid 
curve)1*2  represented  by  the  functional  form: 


Tc  -  rc  expI-ric/HcJ 


(1) 
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in  which  tc  •  94.9  K.  and  tic  ■  112  T.  As  proposed  by  Yoshioka  ana  i-ur-.uyaaa ,  ; 
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the  development  of  a  gap  at  the  Ferai  level  due  to  the  Coulomb  interaction 
between  carriers  would  be  manifested  by  a  thermally  activated  transverse 
magnetoresistance  with  a  phase  boundary  given  by  the  dashed  curve  in  the  inset 
to  Fig.  2.  On  the  basis  of  this  comparison,  an  identification  of  the  high 
field  magnetoresistance  anomaly  in  graphite  was  made  with  the  charge  density 
wave  instability  model  of  Yoshioka  and  Fukuyama.1*2 

To  provide  a  further  test  for  this  identification,  Yoshioka  extended  the 
model  to  consider  the  angular  dependence  of  the  charge  density  wave  (CDW) 
phase  transition.  For  the  angular  range  accessible  in  the  present  experiment, 
his  calculation  of  the  angular  dependence  of  ^  predicts  that  at  constant 
temperature,  1^(0)  is  approximately  given  by 

MO)  /  HgCe)  -  coe(0)  (2) 

( 

This  result  is  physically  reasonable  since  only  the  projection  of  the  field 
onto  the  c-axis  of  graphite  is  expected  to  contribute  to  the  CDW  instability. 

Figure  3  shows  high  field  magnetoresistance  measurements  at  several 
values  of  0  for  the  same  sample  as  in  Fig.  1,  at  the  same  temperature 
T  ■  0.66  K,  and  at  the  sane  value  of  the  sample  current  I  -  100  pA.  The  data 
show  that  at  constant  temperature  and  current,  the  magnetic  field  onset  of  the 
magnetoresistance  anomaly  Hq  Increases  with  Increasing  0.  At  the  highest 
available  field  of  28.5  T,  the  magnetoresistance  anomaly  could  not  be  seen 
beyond  0  •  37.9*. 
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Measurements  of  the  angular  dependence  or  weco  inauu;  on  •>  :,r 

variety  of  temperatures  and  current  levels.  The  results  indicate  that  ir  is 
not  dependent  on  the  current  level,  at  least  for  I  <  250  ,aA.  (higher  current 
levels  caused  some  ohmic  heating).  The  functional  dependence  of  on  9  at 
constant  T  was  found  to  be  similar  for  all  4  samples  that  were  investigated. 
Results  for  1^(0)  /  Hc(9)  are  plotted  in  Fig.  2  as  points  for  all  samples, 
temperatures  and  current  levels.  The  error  associated  with  the  estimate  of  ^ 
increases  with  increasing  angle  from  0.25X  at  9  *  0°  to  IX  at  9  «  40°  because 
the  onset  of  the  transition  is  less  abrupt  as  the  angle  increases.  The  error 
arising  from  the  determination  of  9  is  less  than  2° . 

The  experimental  points  fit  well  to  a  cos  9  dependence  (solid  curve),  in 
agreement  with  Toshioka's  model  for  this  range  of  9. 4  These  results  provide 
additional  support  to  the  identification  of  the  high  field  magnetoresistance 
anomaly  with  the  charge  density  wave  electronic  transition.  Vfe  note  that  the 
angular  dependence  of  H,.  is  similar  to  the  angular  dependence  of  the  7.25  T 

SdH  oscillations.  Us  further  note  that  the  region  of  saturation  in  the 

magnetoresistance  below  ^  and  the  region  of  negative  slope  beyond  show  an 
angular  dependence  that  is  distinct  from  that  of  the  anomaly. 

The  most  striking  and  novel  features  discovered  in  these  experiments  are 
the  periodic  variations  in  the  resistance  which  occur  (Fig.  4)  only  above  the 
onset  of  the  mange toresistance  anomaly  (H  >  H^,).  Figure  4  shows  an  expanded 
view  of  the  magnetoresistance  record  in  Fig.  1  for  H  >  20  T,  I  -  500  ^A, 

9  ■  0°.  The  amplitude  of  the  oscillations  shows  a  phase  change  of  n  near  the 

magnetic  field,  H,,  corresponding  to  the  maximum  of  the  anomaly.  The 
oscillations  are  periodic  in  H  and  have  been  reproducibly  observed  in  two  of 
the  five  samples  investigated. 


The  non-ose  ilia  Cory  component  ox  cue  signal  was  esci-niac-ia  :roo  a  _.wpas<> 

digitally  filtered  version  of  the  record  shown  in  Fig.  4a  where  the 
aagnetoresistance  anomaly  exhibited  no  structure.  The  oscillator/  features 
were  obtained  by  subtraction  of  this  non-oscillatory  estimate  from  a 
synchronised  version  of  the  original  resistance  data  record.  The  data  records 
were  synchronized  using  a  linear  interpolation  scheme  over  the  magnetic  field 
range  of  interest. 

The  resulting  oscillatory  structure  associated  with  the  anomaly,  shown  as 
Pig.  4b,  confirms  the  periodicity  in  magnetic  field  and  the  llneshape  reversal 
of  the  fine  structure  near  %  noted  above.  Because  the  variation  in  the 
resistance  appeared  periodic  in  H,  the  data  were  analyzed  using  a  standard 
discrete  Fourier  transform  algorithm.  (The  data  were  also  transformed 
assuming  a  periodicity  in  1/H,  and  no  appreciable  frequency  components  were 
observed.)  The  data  record,  for  the  oscillatory  component  was  digitally 
filtered  to  reduce  side  lobe  contributions  in  the  corresponding  transform 
arising  from  the  rectangular  window  function.  The  resulting  power  spectrum 
yields  a  fundamental  period  of  0.16  I,  with  second  and  third  order  harmonic 
content;  the  corresponding  periods  are  0.079  T  and  0.056  T  in  second  and  third 
order,  respectively.  A  periodicity  of  0.17  T  was  observed  in  another  sample 
which  exhibited  the  fine  structure  in  the  resistance  anomaly.  Because  of 
systematic  errors  associated  with  the  magnet  calibration  and  the  number  of 
periods  counted,  the  difference  between  the  two  fundamental  periods  observed 
in  different  samples  is  not  significant. 
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The  data  in  Fig.  1  suggest  that  the  magnetoresistance  can  be  considered 
as  the  sum  of  a  non-os  dilatory ,  Rnos^h^»  an<*  an  oscillatory,  KqS(H), 

contribution 


R(h>  -  rNOs<h>  +  <4) 

in  which  Rjjos^h)  is  associated  with  the  one  electron  contribution  from 
electrons  in  band  states  scattered  from  phonons  or  defects,  and  with  the 
mechanism  responsible  for  the  magnetoresistance  anomaly  and  Rqs(H)  is  the 
corresponding  contribution  which  is  periodic  in  H. 

Analysis  of  the  amplitude  of  the  oscillatory  component  (Fig.  4b) 
Indicates  that  at  constant  current,  Rog(H)  11118  the  functional  form 

R0S<h>  *  *0S<H>  W*  8R/5H  -  1)  0(H  -  He)  (5) 

in  which  the  step  function  0(x)  -  1  for  x  >  0  and  9(x)  ■  0  for  x  <  0.  The 
oscillatory  factor  ros(R)  can  be  approximated  as  a  sum  of  6-functions, 

r0s<H>  -  2  6<gPBH  '  *e0)  (6) 

Jl 

where  the  g-f actor  g  is  taken  as  2,  is  the  Bohr  magneton,  and  the  energy 

e0  ■  2.0  x  10"5  eV  is  found  from  a  fit  to  the  experimental  results  of  Fig.  4b, 
and  is  given  by  the  dotted  curve.  It  is  of  Interest  that  e0  is  of  the  order 
of  the  spin-orbit  splitting  of  the  graphite  n-bands .  Finally,  the  envelope 
function  (H/R  dR/dH  -1)  depends  on  R(H)/H  and  its  derivative.  Vie  note  that 
R(H)/H  is  related  to  the  variable  E/H,  the  ratio  of  the  electric  to  magnetic 
fields  in  the  sample,  since  for  the  constant  current  conditions  of  this 


experiment  E/H  -  (I/L)  [R(H)/H)  where  I  is  Che  constant  current  anc  i  s  znt 
length  of  the  sample.  The  empirical  dependence  of  the  amplitude  of  tne 
oscillations  in  Fig.  4b  on  R(H)/H  and  its  derivative  thus  suggests  that  the 
oscillatory  behavior  depends  on  the  variable  (E/H). 

We  note  that  the  wave  functions  for  the  Landau  levels  $n(y  -  y0)  in 
crossed  electric  and  magnetic  fields  depend  on  E/H,  through  the  center 
location  yQ  of  the  harmonic  oscillator,  y0  -  (hkH/m*  -  E/H)  /  uc.  The 
variable  E/U  causes  a  displacement  of  y0,  as  also  occurs  in  the  Laughlin 
theory  of  the  Quantum  Hall  Effect.22  These  observations  suggest  that  the 
mechanism  for  the  oscillations  periodic  in  H  might  be  related  to  the  in-plane 
quantization  of  the  harmonic  oscillator  wave  functions.  This  is  in  contrast 
to  the  suggested  mechanism  for  the  high  field  magnetoresistance  anomaly,  of  a 
charge  density  wave  instability  along  the  c-direction. 
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Figure 
Fig.  1. 
Fig.  2. 

Fig.  3. 

Fig.  4. 


captions. 

High  field  transverse  magnetoresistance  of  kish  graphite. 

A  plot  summarizing  the  angular  dependence  of  the  anomaly.  The  inset 
shows  the  temperature  dependence  of  the  field  value  H^.. 

Angular  dependence  of  the  magnetoresistance  of  graphite  at  constant 
current  level  and  constant  temperature. 

(a)  Expanded  view  of  the  high  field  magnetoresistance  anomaly. 

(b)  The  corresponding  oscillatory  component  and  envelope  function  (see 
text). 
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